Abstract Broomrapes are weedy root parasitic plants that severely constraint faba bean production. After long and extensive breeding efforts made in several countries only moderately resistant cultivars are available to farmers, being their resistance based on a combination of avoidance and resistance mechanisms. In this work we characterize the resistance mechanism of two faba bean breeding lines selected for resistance to Orobanche crenata. Mini-rhizotron experiments showed that low induction of seed germination is a major component of resistance in these lines against O. crenata, O. foetida and P. aegyptiaca. This is confirmed by in vitro experiments with root exudates. The fact that low induction of germination is similarly operative against O. crenata, O. foetida and P. aegyptiaca reinforce the value of this resistance.
Introduction
Faba bean (Vicia faba L.) is a cool season legume crop used as a source of protein in human diets, as fodder and a forage crop for animals, and for available nitrogen in the biosphere (Duc et al. 2010; Rubiales 2010) . However, faba bean acreage has declined due to low and unstable yields as well as incidence of diseases (Stoddard et al. 2010) . The major constrain for faba bean cultivation in the Mediterranean area and west Asia is broomrape infection (Pérez-de-Luque et al. 2010; Maalouf et al. 2011) . Broomrapes are root parasitic weeds which are completely dependent on the host due to the lack of chlorophyll and functional roots. Several broomrape species can infect faba bean, being crenate broomrape (Orobanche crenata Forsk.) the most damaging and widespread (Parker 2009; Rubiales and Fernández-Aparicio 2012) . Fetid broomrape (O. foetida Poir.) is of importance only on faba bean in Beja region of Tunisia (Kharrat et al. 1992) although it has recently also been found in Morocco infecting common vetch (V. sativa L.) . Aegyptian broomrape (Phelipanche aegyptiaca (Pers.) Pomel (syn. O. aegyptiaca Pers.)) can be of importance in the Eastern Mediterranean and Near East infecting legumes but also of many vegetable crops (Parker 2009 ).
Several measures are available for broomrape management, including cultural practices and chemical control, however they are not always fully effective or applicable in low input crops such as faba bean Pérez-de-Luque et al. 2010) . One of the most suitable control options is the development of resistant varieties (Rubiales et al. 2006) . However, resistance against broomrape in legumes is difficult to access, scarce, of complex nature and of low heritability, making breeding for resistance a difficult task (Cubero and Hernández 1991; Román et al. 2002; Rubiales et al. 2009a ). This has made selection more difficult and has slowed down the breeding process. Still, a number of cultivars with various levels of resistance to O. crenata have been released by different faba bean breeding programs (Nassib et al. 1982; Cubero and Hernández 1991; Khalil and Erskine 1999; Kharrat et al. 2010; Maalouf et al. 2011 ), all of them using Egyptian line F402 as the major donor of resistance. There is a need to find new sources of resistance, to study its stability and to understand the responsible resistance mechanisms in order to facilitate the development of resistant cultivars.
The objectives of this research were to identify sources of resistance to O. crenata in faba bean and to elucidate the mechanisms of resistance and their effectiveness against the various potentially damaging broomrape species.
Materials and methods

Field experiments
Faba bean breeding lines Navio and Quijote were developed after selection under field conditions at Córdoba for resistance to Orobanche crenata and agronomic performance starting from breeding lines kindly provided by Dr. M. Kharrat, INRAT, Tunisia. Selections at Córdoba were performed in heavily O. crenata infested plots covered with insect proof cages to avoid cross pollination of selected plants. Navio was derived by individual plant selection from XBJ90.03-16-1-1-1 and Quijote from XBJ90.04-6-2-1-1. XBJ90.03-16-1-1-1 and XBJ90.04-6-2-1-1 are themselves breeding lines obtained at heavily O. foetida infested plots in Beja, Tunisia through single plant selection in a population derived from the crosses Sel.88Lat.18025 9 SP49C (Kharrat et al. 2010) and Sel88Lat.18035 9 POL27-3, respectively. Sel.88Lat.18025 and Sel88Lat.18035 are themselves breeding lines earlier developed by ICARDA (International Centre of Agricultural Research in the Dry Areas, Syria) with resistance against O. crenata derived from the cross INIA06 9 F402 (Khalil et al. 2004; Maalouf et al. 2011) . The resistant Egyptian line F402 was itself derived from several cycles of single plant selection from a F7 from the cross Rebaya 40 9 F216 (Nassib et al. 1982) .
Response to O. crenata of breeding lines Navio and Quijote was studied under field conditions at Córdoba, Spain during the field seasons 2009-2010 and 2010-2011 . Faba bean cvs. Prothabon and Baraca were included as susceptible and resistance checks, respectively. Each accession was represented by a single 2 m row, at 0.7 m of row spacing with 20 plants growing per row, with four replications. Sowing took place the 15th of November in a plot with a known history of high and homogeneous level of O. crenata infestation. Hand weeding of weeds other than broomrape was carried out when required, but no herbicides were applied to avoid interference with broomrape development. The number of emerged broomrapes per host plant was determined at crop maturity. In addition, number of branches per faba bean plant was recorded as strigolactone content has been reported to regulate plant branching (Gomez-Roldan et al. 2008 ).
Mini-rhizotron experiments
Seeds of O. crenata (population collected on faba bean in Spain), O. foetida (collected on faba bean in Tunisia), and P. aegyptiaca (collected on faba bean in Israel) were surface sterilized with formaldehyde 0.2 % (w/v), and 0.02 % (v/v) of Tween 20, rinsed thoroughly with sterile distilled water and dried for 60 min in a laminar air flow cabinet. Sterile seeds of O. crenata, O. foetida and P. aegyptiaca were separately spread over 12 cm by 12 cm sheet of glass fiber filter paper (GFFP, Whatman GF/A) at a density of 50 seeds cm -2
. Thirty GFFPs per each the parasitic species, were individually placed over a square Petri dish (12 cm by 12 cm) filled with sterile perlite moistened with sterile distilled water. Petri dishes were placed in the dark at 20°C for 11 days to promote the necessary conditioning that makes broomrape seeds sensitive to the germination stimulants released by host roots.
Faba bean breeding lines Navio and Quijote together with the susceptible check cv. Prothabon were studied in mini-rhizotron experiments (Fernández-Aparicio et al. 2008b) . Faba bean seeds were surface sterilized with 2 % (w/v) sodium hypochlorite solution containing 0.02 % (v/v) Tween 20 for 5 min and then rinsed thoroughly with sterile distilled water and germinated in petri dishes with moistened filter papers placed for 4 days in a growth chamber under dark warm (20°C) conditions before the setting of each experiment. Faba bean seedlings were transferred individually to GFFP sheets and placed into the Petri dishes, which were punctured on the top so plant foliage can develop outside of the dish. Petri dishes were sealed with parafilm, wrapped in aluminum foil and stored vertically in a growth chamber (20°C, 12/12 h day/night regime, 200 lmol m -2 s -1 irradiance). Plants received Hoagland's nutrient solution (Hoagland and Arnon 1950) modified at one-quarter strength (30 mL per dish) twice per week. After 7 days of growth in these conditions, the GFFP in which the faba bean was growing was replaced by the GFFP containing the conditioned parasitic seeds allowing the intimate contact of parasitic seeds with the faba bean root exudates.
Ten days later 400 broomrape seeds that were close (\3 mm) to the faba bean roots were studied per Petri dish under a stereoscopic microscope at 930 magnification to determine the percentage of germination. Germination was assessed as the percentage of seeds with an emerged radicle, corrected for viability obtained by the TTC method (Rubiales et al. 2006) . After another 7 days, the total number of broomrape attachments per host plant was recorded. The total length of each root plant was estimated by counting the number of intersections between root and a 1 cm by 1 cm grid, with a total length of 12 cm by 12 cm, according to Tennant (1975) . Broomrape attachments per plant were calculated as the number of attachments per unit root length.
Root exudate assays on broomrape germination
Faba bean root exudate collection
Faba bean root exudates were collected as described by Fernández-Aparicio et al. (2009a) . Faba bean seeds were sterilized as described before and then cultivated in 200 mL pots filled with sterile perlite for 2 weeks in a growth chamber (20°C, 12/12 h day/night regime, 200 lmol m -2 s -1 irradiance). Plants were watered with Hoagland's nutrient solution (Hoagland and Arnon 1950) modified at one-quarter strength, twice per week by adding 50 mL of nutrient solution per pot.
After 15 days of growth in the pots faba bean plants were removed from the perlite and the roots were carefully washed with sterile distilled water. Faba bean plants were individually placed in 50 mL flasks by immersing the roots for 24 h in sterile distilled water allowing them to release the root exudates. The root solution containing the faba bean root exudates released was collected, filtered with sterile gauze and the total faba bean root contained in each flask weighted. As exudation might vary accordingly with the amount of roots in each flask, root solutions were adjusted with sterile distilled water to achieve a final root density of 0.03 g of faba bean root fresh weight per millilitre of root solution. The adjusted faba bean root exudate was tested on broomrape seed germination as described below. Sterile distilled water was used as negative control.
Purification and fractionation of root exudates
The root exudate of 3 replicated plants per accession was purified and fractioned using reverse-phase chromatography on a C18 SEPAK cartridge (López-Raez et al. 2008 ). The root exudate extract was obtained by loading 50 mL of root exudate of each of 3 replicated plants per accession in 3 pre-equilibrated columns. After loading the root exudates each column was eluted with 10 mL of sterile distilled water to elute the more polar and inactive compounds on broomrape germination contained in the aqueous phase that was tested for the presence of germination inhibitors (see below). The active compounds present in the columns were fractionated by eluting subsequent increased concentrations of 3 mL of methanol dilutions in distilled water (25, 50, 75 and 100 %). After column elution, the level of water was homogenised, the methanol removed using Eppendorf vacufuge concentrator 5301. Subsequently to methanol removal, aliquots of root extract, the more polar aqueous phase and each of the 4 fractions were assayed in the germination of O. crenata, O. foetida and P. aegyptiaca as follows.
Germination bioassay
Study of the stimulatory activity of exudates and fractions Stimulatory activity of faba bean root exudates, extracts and SEPAK fractions on broomrape seed germination was studied following the method describe by Fernández-Aparicio et al. (2008a) . Approximately 100 seeds of each broomrape species were placed separately on disks of 1.5-cm diameter GFFP moistened with 120 lL of sterile distilled water and conditioned in a 10-cm sterile Petri dish in the dark at 20°C for 10 days. After this conditioning period the GFFP discs were transferred into a sterile sheet of paper to remove the water and again transferred to a new 10-cm sterile Petri dish.
Differences in the ability displayed by each faba bean accession to induce broomrape germination was studied by applying 3 aliquots 120 lL per replication of root exudate and SEPAK fractions purified from the released root exudate of 3 individual plants per accession in each of three replicated discs containing conditioned seeds of O. crenata, O. foetida or P. aegyptiaca. The synthetic strigolactone analogue GR24 (Johnson et al. 1976 ) was used at 10 -5 M as positive control. Sterile distilled water was used as negative control. Both controls were applied on 3 additional discs of each Orobanche and Phelipanche species. Seeds were stored in the dark at 20°C for 7 days to allow germination. The germination was scored for each disc by determining the number of germinated seeds on 100 seeds per disc using a stereoscopic microscope. Seeds were considered germinated when radicle was visible through the seed coat.
Inhibitory activity Aqueous phase containing the more polar compounds obtained by eluting the C18 SEPAK cartridge with 10 mL of sterile distilled water prior root exudate fractioning (described above) was mixed with GR24 adjusting to concentration of 10 -6 M and tested in O. crenata and P. aegyptiaca seed germination. By applying aliquots of 120 lL on three replicated disks containing 100 seeds previously conditioned as described above. The percentages of germination were compared with the positive control (GR24 10 -6 M, without root exudate aqueous phase). O. foetida was not included in this experiment as its lacks response to GR24 (Fernández-Aparicio et al. 2008a ).
Statistical analysis
Experiments were performed using a completely randomised design. Percentage data were approximated to normal frequency distribution by means of angular transformation (180/g 9 arcsine (sqrt[%/ 100]) and subjected to analysis of variance (ANOVA) using JMP Software, version 8.0 (SAS Institute Inc., Cary, NC, USA). The significance of mean differences among treatments was evaluated by Tukey HSD test. Null hypothesis was rejected at the level of 0.05.
Results
Heavy and uniform O. crenata infestation levels occurred during the years of experimentation. ANOVA showed significant differences for O. crenata emergence on faba bean accessions (p \ 0.001). The susceptible faba bean cv. Prothabon was uniformly infected across the plot, with average broomrape emergence of 6.5 and 5.6 broomrapes per faba bean plant, for 2009-2010 and 2010-2011 seasons, respectively (Table 1) . Quijote and Navio breeding lines were markedly more resistant, with similar levels of broomrape emergence than Baraca resistant check (Table 1) ANOVA conducted on the mini-rhizotron data (Table 2 ) showed significant differences for induction of germination of broomrape seeds between faba bean accessions (p \ 0.001) and broomrape species (p \ 0.001) with no significant interaction between faba bean accessions and broomrape species (p = 0.321). Prothabon roots induced high levels of germination of all broomrape species studied (62.6, 66.5 and 71.4 % for O. crenata, O. foetida and P. aegyptiaca respectively). Navio induced very low levels of germination of the 3 broomrape species (range 4.1-7.2 %). Quijote induced even lower levels of germination (range 0.4-3.8 %). ANOVA also showed significant differences among faba bean accession for number of broomrape tubercles formed per faba bean plant (p \ 0.001) and for number of broomrape tubercles/cm host root (p \ 0.001).
However, there were no differences among broomrape species for any of these two parameters (p = 0.298, p = 0.929) with no significant interaction between faba bean accession and broomrape species interaction (p = 0.642, p = 0.563). High numbers of tubercles of the three broomrape species were formed on Prothabon roots (38.4-42.7 tubercles/plant) whereas infection was markedly reduced in Navio (0.1-0.4) and Quijote (0-0.2). The density of broomrape infections was also significantly reduced in both Navio (0.001-0.004 tubercles/cm host root) and Quijote (0.000-0.002) compared with Prothabon check (0.249-0.251). Necrosis of tubercles or of host roots at the place of infection was negligible for the three broomrape species in all faba bean lines.
Root exudates of Prothabon induced high germination of O. crenata, O. foetida and P. aegyptiaca (54.7, 61.7 and 61.0 %, respectively) ( Fig. 1) . Root exudates of Navio induced significantly lower levels of germination of the three species (20.0, 31.7 and 29.3 %, respectively). Root exudates of Quijote induced only negligible levels of germination of the three species (0.7, 0.57 and 1.7, respectively). Fractionation of root exudates on SEPAK C18 cartridges with increasing concentrations of methanol allowed the determination of the fractions retaining stimulatory activity (Fig. 2) . The positive control GR24 induced high levels of germination of O. crenata (60 %) and P. aegyptiaca (78 %) seeds, but did only induce negligible levels of O. foetida germination. No or negligible germination of the three broomrape species occurred in the negative control (water). Fractionation of Prothabon root exudates showed that fractions extracted at 75 and at 100 % ethanol induced high germination of seeds of O. crenata (25.5 and 39.8 %, respectively) and O. foetida (65.9 and 53.1 %) but no o very little of P. aegyptiaca (7.2 and 0.0 %). In contrast, fraction extracted at 50 % ethanol induced high germination (60.5 %) of P. aegyptiaca seeds. Fractionation of Navio root exudates showed that O. crenata germinated only slightly (9.9 %) only in presence of fraction extracted at 75 % ethanol. O. foetida was slightly induced to germinate by fractions extracted at 50, 75 and 100 % ethanol (10.0; 11.6 and 5.7 %, respectively). P. aegyptiaca was only induced (31.7 %) by fraction extracted at 50 % ethanol. No fractions of Quijote root exudates induced germination of any of the three broomrape species. Aqueous phase did not induce the germination of any of the broomrape species (Fig. 2) .
No inhibitory activity was observed as no significant differences were found in O. crenata (circa 20 % in all cases) or P. aegyptiaca (circa 80 %) seed germination when stimulated by GR24 10 -6 M alone or by GR24 diluted in the aqueous phase of root exudates of the 3 faba bean lines (Fig. 3) . 
Discussion
Breeding for disease resistance is straight-forward when a good source of resistance is available and an efficient, easily controlled and practical screening procedure exists to provide good selection pressure. Unfortunately, this is not the case in faba bean against broomrape, where only incomplete resistance of complex inheritance has been identified under conditions (Román et al. 2002; Rubiales et al. 2006; Maalouf et al. 2011) . Phenotyping using mini-rhyzotron system described here would allow the dissection of the resistance into specific mechanisms acting in different stages of the infection process, increasing the accuracy of the assessment overcoming the disadvantages of confounding factors found under field conditions ).
Resistances identified so far in faba bean were ascribed to mechanisms operating against establishment of germinated broomrape seeds stopping penetration through host tissues and hampering of tubercle development (Nassib et al. 1982; Khalaf and ElBastawesy 1989; Abbes et al. 2007; Pérez-de-Luque et al. 2007 , 2010 . Reduced induction of O. crenata seed germination had been reported in several legumes (Pérez-de-Luque et al. 2005; Rubiales et al. 2003 ) but was not found before in faba bean (Zaitoun and ter Borg 1994; ter Borg et al. 1994; Ter Borg 1999; Pérez-de-Luque et al. 2010) . Only very recently moderate reductions of germination of O. foetida seeds have been reported in faba bean (Abbes et al. 2009 ) but, authors could not discern if reduced germination was due to production of germination inhibitors or by reduced production of stimulants. Here we report low induction of O. crenata, O. foetida and P. aegyptiaca seed germination in faba bean, showing that it is not due to presence of germination inhibitors in the root exudate on either Quijote or Navio but to reduced production of germination stimulants. Relevance of this low inducing germination is shown by its successful use in sorghum breeding for resistance to Striga hermonthica (Ejeta 2007) . Genetic variation for the induction of P. aegyptiaca germination has also been described in tomato that might be explained both by presence of germination inhibitors (El-Halmouch et al. 2006) or by reduced exudation of strigolactones (Dor et al. 2010) .
The fact that different broomrape species responded to different SEPAK fractions of root exudates reinforce the view that different stimulants or mixtures of stimulants might be responsible for broomrape species specialization (Fernández-Aparicio et al. 2011a, b) . Several classes of plant secondary metabolites are known to induce seed germination of root parasitic weeds with the strongest activity shown by strigolactones, with orobanchol, orobanchyl acetate and 5-deoxystrigol being the common in the Fabaceae species (Yoneyama et al. 2008) . But also other molecules structurally distinct from strigolactones have also been reported in Fabaceae roots inducing seed germination of broomrape species (Evidente et al. 2009 (Evidente et al. , 2010 (Evidente et al. , 2011 . More research is needed in order to identify additional germination stimulants present in faba bean root exudates that specifically stimulate different broomrape species.
Results presented here shows that also resistance based on low induction of broomrape seed germination do exist in faba bean germplasm and that selection for this trait is feasible. The fact that low induction of germination is similarly operative against O. crenata, O. foetida and P. aegyptiaca reinforce the value of this resistance. The use of molecular markers tightly linked to specific resistance mechanisms (Fondevilla et al. 2010 ) will allow their tracking in segregating populations facilitating their pyramiding with other genes.
